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The temperature dependence of the London penetration depth (λ) and coherence length (ξ) has
been deduced from Hall probe magnetization measurements in high quality MgB2 single crystals in
the two main crystallographic directions. We show that, in contrast to conventional superconductors,
MgB2 is characterized by two different anisotropy parameters (Γλ = λc/λab and Γξ = ξab/ξc) which
strongly differ at low temperature and merge at Tc. These results are in very good agreement with
recent calculations in weakly coupled two bands suprerconductors (Phys. Rev. B, 66, 020509(R)
(2002).
PACS numbers:74.25.OP, 74.25.Dw
The recent discovery of superconductivity in Mag-
nesium Diboride [1] has been the starting point of a
large number of theoretical and experimental investiga-
tions. The coexistence of two superconducting energy
gaps with different anisotropies [2] is expected to give rise
to very peculiar physical properties in this system [3–5].
Among those, the strong temperature dependence of the
anisotropy of the upper critical field ΓHc2 = Hc2‖ab/Hc2‖c
is now well established [6,7] (Hc2‖ab and Hc2‖c being
the upper critical fields for magnetic fields parallel to
the two main crystallograpic directions, ab−planes and
c−direction, respectively).
”Classical” superconductors can be characterized by
one single anisotropy parameter : Γ = ξab/ξc = λc/λab
(where ξ and λ are the superconducting coherence and
penetration depths in signed crystallographic orienta-
tions) whatever the anisotropy of the superconducting
gap. However, it has been suggested that ξab/ξc could dif-
fer considerably from λc/λab at low temperature in MgB2
due to the presence of two superconducting energy gaps
with different anisotropies [4]. Even though recent neu-
tron scattering data have confirmed that λc/λab ∼ 1 at
low temperature is indeed very different from ξab/ξc ∼ 5
[8], the temperature dependence of Γλ = λc/λab still
had to be determined. In this letter, we confirm that
Γξ = ξab/ξc (= ΓHc2) strongly differs from Γλ at low
temperature and show for the first time that Γξ and Γλ
present different temperature dependencies : whereas Γξ
decreases from ∼ 5 to ∼ 2 (close to Tc), Γλ increases with
temperature tending from ∼ 1.4 towards Γξ for T → Tc.
Magnetization measurements have been performed on
high quality single crystal [9] (Tc ≈ 36.5 K) showing
flat surfaces of typical dimensions : 100 ∗ 100 ∗ 25µm3
using a Hall probe magnetometer. The main surface
(i.e. the ab−planes) of the sample has been placed ei-
ther parallel to or perpendicular to the surface of the
Hall probes in order to measure the magnetization for
H‖c and H‖ab respectively (see sketches in the inset of
Fig.1a). The alignement of the external field with the
main crystallographic axis has been obtained by slightly
rotating the ensemble in order to get the maximum and
mimimum Hc2 values for H‖ab and H‖c respectively. A
typical magnetization loop is presented in the inset of
Fig1b for H‖c and T = 20 K. As shown the irreversible
part of the magnetization loops is rather small (corre-
sponding to critical current values on the order of 103
A/cm2 at low T and low H) and the reversible mag-
netization could thus easily be obtained assuming that
Mrev = (Mup + Mdown)/2 where Mup and Mdown are
the magnetization for increasing and decreasing magnetic
fields respectively (Bean critical state model). Typical
curves are displayed in Fig.1 for T > 26K. For lower
temperatures, the upper critical field values for H‖ab be-
came larger than our maximum field (3 T) but the lower
critical field could still be deduced easily in both direc-
tions down to the lowest temperatures (5 K).
For H‖c i.e. perpendicular to the platelet, important
demagnetizing effect come into play and the magnetic
field has been rescaled to : H = H0 − NcMrev where
H0 is the external field and Nc the demagnetizing factor.
Nc can be estimated assuming that the sample is an el-
lipsoid of thickness t ∼ 25µm and width w ∼ 100µm to
Nc = 1−pit/2w ≈ 0.6. This value has been confirmed by
the fact that, after correction for this demagnetization
effect, the magnetization curves present a nearly vertical
slope for H = Hc1. As pointed out by Zeldov et al. [10]
this value might however be overestimated by a factor
on the order of
√
w/t due to the presence of geometrical
barriers but it is important to note that, even though
the absolute values of Hc1‖c - and Hc1‖ab - are directly
related to the choice of the demagnetizing factor, their
temperature dependence is absolutely not affected by this
1
choice.
FIG. 1. Magnetic field dependence of the reversible mag-
netization for H‖c (a) and H‖ab (b) at various temperatures.
In the inset : (a): schematical drawings of the geometry used
for both directions, and (b): complete magnetization loop at
T = 20 K for H‖c.
The value of Nab has then been set to Nab ≈ 1−Nc/2.
In this direction, the effect of Bean Livingston barriers
can also lead to a significant overestimation of Hc1 (up
to a factor κ/ln(κ) where κ is the Ginzburg -Landau
parameter, the penetration field is then equal to the
thermodynamic field instead of the lower critical field).
Those effects play for instance a significant role in high Tc
cuprates due to their very high κ values [11]. They result
from the competiting effect between an attracting image
force to the surface and a repulsive one arising from the
interaction between the vortices and the shielding cur-
rents. This latter force is proportional to the magnetiza-
tion and thus vanishes asM → 0 for descending magnetic
fields. When the field further decreases nothing prevents
the vortices to leave the sample and M remains close to
zero. This effect is highly sensitive to the quality of the
surface and we did never observe this characteristic be-
haviour in our magnetization loops. On the contary the
irreversible part of the magnetization remained small in
the entire temperature range (being for instance on the
order of 15% at 30 K) and we thus assumed that Mrev
is equal to the average magnetization (i.e. that pinning
mainly arises from bulk defects).
The correspondingMrev versus H curves are displayed
in Fig.1. Note that the y-axis has been slightly rescaled
in order to get a −1 slope in the Meissner state due to
the fact that the sample did not completely recover the
surface of the Hall probe (especially for H‖ab). Assum-
ing that the lower critical magnetic field is equal to the
penetration field (i.e. neglecting durface pinning effects,
see discussion above), Hc1 could be easily determined
from the well defined minima in the Mrev(H) curves
(see Fig.1). The upper critical magnetic field Hc2 has
been defined as the onset of the diamagnetic response at
Mrev(Hc2) = 0.
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FIG. 2. Temperature dependence of the lower critical field
for H‖c and H‖ab. In the inset : Temperature dependence
of the upper critical field for the same directions. The dotted
line is an extrapolation below 26 K deduced from our previous
magnetotransport measurements [5]
The temperature dependencies of the corresponding
critical fields are displayed in Fig.2. The inset shows
the temperature dependence of the upper critical mag-
netic field for H‖c (solid circles) and H‖ab (open circles)
deduced from our magnetization measurements. Those
values have been extrapolated down to low temperature
forH‖ab using our previous high field magneto-transport
data performed on a sample from the same batch [6]
(with slightly higher Hc2 values, dotted line in the inset
of Fig.2). As previously observed [6,7], the temperature
dependence of Hc2 is almost linear for H‖c and presents
a positive curvature for H‖ab. As shown, the situation
is very different for the lower critical field which is al-
2
most linear for H‖ab and reveals a negative curvature for
H‖c at high temperatures. This unusual negative cur-
vature of Hc1‖c close to Tc has been previously observed
in thin films and polycrystalline samples [12] and can be
explained by the two-band Ginzburg-Landau theory [13]
(the isotropic Ginzburg-Landau theory only allows for a
linear temperature dependence of Hc1 close to Tc [14]).
As shown below, this difference in curvatures will lead to
an increase of Γλ for increasing temperature.
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FIG. 3. Temperature dependence of the anisotropy param-
eters Γξ, Γλ and ΓHc1 (see text for details). The dotted line is
an extrapolation of Γξ at low temperature deduced from our
previous magnetotransport measurements [5].
The penetration depth has been deduced from Hc1
through :
Hc1 = Φ0/(2piλ
2
ab).(ΓH/Γλ).(ln(κ˜) + 0.5) (1)
with κ˜ = λab/ξab, ΓH = Γλ for H‖c and κ˜ ≈√
λabλc/ξabξc, ΓH = 1 forH‖ab. The values of the coher-
ence lengths ξc(0) ≈ 5 nm and ξab(0) ≈ 10 nm have been
determined from Hc2(T ) and we hence got λc(0) ≈ 80
nm and λab(0) ≈ 60 nm in good agreement with the val-
ues deduced from the slope of the magnetization curve :
1/λ2 = [8pi/Φ0]d(µ0Mrev)/dln(H). Note that this slope
rapidly decreases with field up to some characteristic field
H∗(T ) being on the order of 0.3 T at low temperature.
This field can probably be associated with the closing of
the small gap, H∗ ∼ Hpic2 in good agreement with our
previous point-contact spectroscopy experiment [15] and
with estimation of Bouquet et al. [16] from specific heat
measurements and Eskildsen et al. [17] from tunneling
data. Note that it has been suggested that for uniaxial
superconductors κ˜ could be approximated to λab/λc for
all field directions [18] which would lead to λc ≈ λab ∼ 60
nm.
The λab(0) value determined in this experiment is
much larger than the one previously obtained on sin-
gle crystals by Caplin et al. [19] but lower than
those obtained on thin films and polycrystalline sampes
[20,21,12]. However, λ is expected to be very sensitive
to interband scatering and it has been shown [22] that
λdirtyab (0) ≈ 100 nm whereas λ
clean
ab (0) ≈ 40 nm (and
λdirtyc (0) ≈ 300 nm and λ
clean
c (0) ≈ 40 nm) suggest-
ing that our single crystals are close to the clean limit as
further confirmed by our Γλ value ≈ 1.4 (Γ
clean
λ (0) ∼ 1
and Γdirtyλ (0) ∼ 3). This ratio is also in good agreement
with the one recently deduced from neutron scattering
measurements [8].
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FIG. 4. Temperature dependence of d(1/λ2)/dT show-
ing a maximum (resp. minimum) in the ab−planes (resp.
c−direction). In the inset : temperature dependence of 1/λ2
for the two main crystallographic directions.
The temperature dependence of the as-deduced Γλ val-
ues is shown in Fig.3 as solid circles. Γξ(T ) (open circles)
has been deduced from ourHc2 values above 26 K and ex-
trapolated towards lower temperature using the Hc2(T )
extrapolation shown in the inset of Fig.2. As shown,
in striking contrast with conventional one band super-
conductors the anisotropy parameters Γλ(T ) and Γξ(T )
are very different at low temperatures. Moreover, they
reveal opposite temperature dependencies and Γλ(T ) in-
creases tending towards Γξ(T ) for T → Tc where both
anisotropies merges at Γξ(Tc) = Γλ(Tc) ∼ 2. This un-
usual behavior is also in striking contrast with the one
previously obtained by Caplin et al. [19] who suggested
that Γξ = Γλ ∼ 2 in the entire temperature range but is
in a very good agreement with Kogan’s [4] calculations
of the anisotropy parameters for a weakly-coupled two-
bands superconductor.
At low temperature the anisotropy of the upper crit-
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ical field is mainly related to the anisotropy of the
Fermi velocities over the quasi 2D σ sheet : Γξ ≈√
< v2ab >
σ / < v2c >
σ ∼ 6. Γξ then decreases with tem-
perature as the influence of the small, nearly isotropic,
gap increases due to thermal mixing of the two gaps [4,5].
On the other hand, the anisotropy of λ is related to the
anisotropy of the Fermi velocities over the whole Fermi
surface which is expected to be on the order of 1.1 in
reasonable agreement with our experimental data. As
pointed out by Kogan et al. [4] the two anisotropies have
to merge at Tc as they are then determined by the same
”mass tensor”. We have also reported in Fig.3 the tem-
perature dependence of ΓHc1 = Hc1‖c/Hc1‖ab. As shown
ΓHc1 and Γλ present very similar temperature dependen-
cies (and only differ by a numerical factor on the order
of 1.4) showing this dependence does not depend on the
choice of κ˜ in Eq.(1).
Finally we discuss the temperature dependence of the
superfluid density ∝ 1/λ2. The inset of Fig.4 dis-
plays (λ(0)/λ(T ))2 as a function of temperature for the
two main crystallographic directions. The dotted lines
schematically represents the temperature dependencies
of the superfluid densities in the case of two indepen-
dent BCS superconducting pi (for which Tc would be on
the order of 20 K) and σ bands. At low temperatures,
the T−dependence of 1/λ2c and 1/λ
2
ab are both deter-
mined by the the band with the smallest gap (i.e. the
pi−band) and Γλ is only very weakly temperature de-
pendent. As the temperature increases, the influence
of the σ− band sets in and an inflexion point is then
clearly visible around 20K for 1/λ2ab(T ) (see maximum
for d(1/λ2ab)/dT in Fig.4) followed by a downward cur-
vature up to Tc. As pointed out in [22], this inflexion
point is a direct consequence of the ”superposition” of
two BCS bands. The sharp kink that would appear for
two independent bands is here smoothed out by inter-
band coupling but still shows up as a clear maximum in
the first derivative close to the ”critical temperature” of
the pi−band. A very similar behaviour has been previ-
ously reported by Carrington et al. [21] for the superfluid
density deduced from microwave measurements.
It is important to note that this change in the curva-
ture at T = 20 K is also visible for 1/λ2c (see mimimum
for d(1/λ2c)/dT in Fig.4). In this direction, the pene-
tration depth is mainly determined by the pi−band up
to Tc (in the clean limit) due to the very small value of
the superfluid density of the σ−band (i.e. strongly 2D
character of the σ− band). Despite the small value of the
corresponding gap, superconductivity remains induced in
the pi band by interband coupling giving rise to the ”tail”
of 1/λ2c at high temperature which shows up as a lower
d(1/λ2c)/dT value. Those temperature dependencies are
qualitatively in good agreement with the recent calcula-
tions by Golubov et al. [22]. However, the details of those
dependencies strongly depend on intraband scattering as
well as on the relative contributions of the two bands.
In conclusion, we have given direct experimental ev-
idence that the anisotropy of MgB2 is characterized by
two different parameters (Γλ and Γξ) which differs not
only in absolute values but also in their temperature de-
pendencies in striking contrast to conventional type II
superconductors. The as-deduced temperature depen-
dencies of those two anisotropy parameters are in perfect
agreement with theoretical predictions for weakly cou-
pled two bands superconductor [4]. The presence of two
different bands is enforced by the inflexion point observed
around 20 K in the temperature dependence of 1/λ2 in
both crystallographic directions.
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